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Abstract
In this paper we construct explicit Lagrangian formulation for the massive spin-2
supermultiplets with N = k supersymmetries k = 1, 2, 3, 4. Such multiplets contain 2k
particles with spin-3/2, so there must exist N = 2k local supersymmetries in the full
nonlinear theories spontaneously broken so that only N = k global supersymmetries
remain unbroken. In this paper we unhide these hidden supersymmetries by using
gauge invariant formulation for massive high spin particles. Such formulation, oper-
ating with the right set of physical degrees of freedom from the very beginning and
having non- singular massless limit, turns out to be very well suited for construction
of massive supermultiplets from the well known massless ones. For all four cases con-
sidered we have managed to show that the massless limit of the supertransformations
for N = k massive supermultiplet could be uplifted to N = 2k supersymmetry. This,
in turn, allows one to investigate which extended supergravity models such massive
multiplets could arise from. Our results show a clear connection of possible models
with the five-dimensional extended supergravities.
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1
Introduction
The problem of constructing a consistent interacting theory for massive spin-2 particles is
an old but still unsolved one. Massive particle has more degrees of freedom than massless
one and as a result even small graviton mass could give observables consequences. So an
interesting and important question is how these additional degrees of freedom interact with
matter. One of the possible ways in this direction is the investigation of supermultiplets
containing massive spin-2 particle. Supersymmetry (especially extended) is a very restrictive
symmetry so even the structure of free theories could give interesting and useful information.
Surprisingly, there exist quite a few results on this subject. In [1, 2] all states of the first
massive level of four-dimensional superstring with N = 1 supersymmetry was considered
and superfield formulation for massive spin-2 N = 1 supermultiplet appeared in [3].
Massive spin-2 supermultiplets with N = k supersymmetry contains 2k spin-3/2 particles
[4, 17]. As consistent description of every spin-3/2 particle requires local supersymmetry
there must exist N = 2k local supersymmetries spontaneously broken so that only N = k
global supersymmetries remain unbroken. In this paper we consider Lagrangian formulation
for all massive spin-2 supermultiplets for k = 1, 2, 3, 4 (multiplets with k > 4 will contain
particles with spin greater than 2). We unhide these hidden extended supersymmetries by
using gauge invariant description of massive high spin particles [5, 6]. Such description
operating with right number of physical degrees of freedom from the very beginning and
having non- singular massless limit turns out to be well suited for the investigation of massive
high spin particles and their possible interactions. It could be easily generalized to the higher
dimensions as well as (Anti)de Sitter space (e.g. [7]).
Here we use a straightforward generalization to the case of massive supermultiplets. One
start with appropriate set of massless supermultiplets, then adds all possible low deriva-
tive mass terms to the Lagrangian as well as additional terms to the fermionic supertrans-
formation laws (bosonic supertransformations do not contain derivatives, so there are no
corrections to them). The requirement the whole Lagrangian to be invariant under the
supertransformations fixes all the unknown coefficients in the Lagrangian and supertrans-
formations. By saying appropriate set of massless supermultiplets we mean not only their
number and particle content. The presence of vector fields leads to the possibility to make
duality transformations mixing different supermultiplets. The existence of such dual versions
of extended supergravities plays very important role in the problem of spontaneous super-
symmetry breaking. As we will see for the construction of massive spin-2 supermultiplets it
turns out absolutely necessary to choose the correct mixing of vector fields.
In all four cases considered we have managed to show that the massless limit of supertrans-
formations of massive N = k supermultiplet could be uplifted up to N = 2k supersymmetry.
This allows one to investigate which extended supergravities such massive supermultiplets
could arise from and we give explicit examples of such theories having the correct structure
of vector fields mixing as well as global symmetries related with the scalar fields. All exam-
ples turns out to be the theories that can be obtained by dimensional reduction from the
corresponding five- dimensional supergravities.
In the following four sections we carry on such a program for massive spin-2 supermul-
tiplets with N = 1, 2, 3, 4 correspondingly. Our notations, conventions and some useful
formulas are collected in the Appendix.
1
1 N = 1
For N = 1 supersymmetry massive spin-2 supermultiplet contains [4, 17] four massive fields
(2, 3/2, 3/2, 1). As is well known, in the massless limit massive spin-2 particle breaks into the
massless ones with spins 2, 1 and 0, massive spin-3/2 particle — into the massless spin-3/2
and spin-1/2, at last, massive spin-1 — into massless spin-1 and spin-0 particles. It is easy
to see that in this limit one gets just four massless N = 1 supermultiplets, namely, gravity
multiplet hµν ,Ψµ, spin-3/2 multiplet Φµ, Aµ, vector multiplet Bµ.χ and chiral multiplet
λ, ϕ, pi. Note that chiral multiplet contains scalar and pseudoscalar fields, which in the
massive case play the role of the Goldstone ones, so one of the vector fields has to be axial-
vector.
The most general N = 1 linear global supertransformations leaving the sum of free
massless Lagrangians invariant have the form:
δhµν = i(Ψ¯(µγν)η) δΨµ = −σαβ∂αhβµη
δΦµ = − i
2
√
2
(σ(cosθA− sinθγ5B))γµη
δAµ =
√
2cosθ(Φ¯µη) + isinθ(χ¯γµη)
δBµ =
√
2sinθ(Φ¯µγ5η) + icosθ(χ¯γµγ5η) (1)
δχ = −1
2
(σ(sinθA + cosθγ5B))η
δλ = −i∂ˆ(ϕ+ γ5pi)η δϕ = (λ¯η) δpi = (λ¯γ5η)
One of the very important points here is the possibility to have a mixing between vector
field from the spin-3/2 multiplet and axial- vector one from the vector multiplet, which is a
manifestation of the general duality symmetry of supersymmetric theories. As we will see
later, the construction of massive supermultiplet turns out to be possible for one concrete
value of mixing angle θ only.
Another very essential point is the requirement that the model be invariant under the
whole U(N) R-symmetry of the superalgebra. In the N = 1 case it is just axial U(1)-
symmetry, the axial charges of all fields being as follows:
field η, Ψµ, χ Φµ, λ hµν , Aµ, Bµ, ϕ, pi
axial charge + 1 - 1 0
Now let us add to the Lagrangian the most general gauge invariant mass terms (see Ap-
pendix) compatible with the axial U(1) invariance:
1
m
L1 =
√
2[hµν∂µAν − h(∂A)] −
√
3Aµ∂µϕ− Bµ∂µpi −
−Φ¯µσµνΨν + iκ1(Ψ¯γ)χ+ iκ2(Φ¯γ)λ+ κ3χ¯λ (2)
1
m2
L2 = −1
2
(hµνhµν − h2)−
√
3
2
hϕ+ ϕ2 +
1
2
Bµ
2
Note, in particular, that axial U(1) invariance dictates the Dirac mass term for the gravitini.
To make complete Lagrangian invariant under the supertransformations one has to add new
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terms to the fermionic transformation laws:
1
m
δ′Ψµ = (α1Aµ + α2σµνA
ν + α3γ5Bµ)η
1
m
δ′Φµ = (iα4hµνγ
ν + iα5ϕγµ + iα6piγ5γµ)η (3)
1
m
δ′χ = (β1ϕ+ β2γ5pi)η
1
m
δ′λ = (iβ3Aˆ+ iβ4Bˆγ5)η
Simple calculations show that the invariance fixes the mixing angle sinθ =
√
3/2, cosθ = 1/2,
as well as all coefficients α and β:
κ1 = κ2 =
√
3
2
κ3 = −2
α1 = α2 = −
1√
2
α3 = −
√
3
2
α4 = 1 α5 = −
3
2
√
6
α6 =
3
2
√
6
β1 = −1
2
β2 = −3
2
β3 =
√
3 β4 = 1
Apart from the N = 1 global supertransformations given above the Lagrangian is invariant
under two local (spontaneously broken) supertransformations:
δΨµ = ∂ξ1 δΦµ =
im
2
γµξ1 δχ =
√
3
2
mξ1
δΦµ = ∂ξ2 δΨµ =
im
2
γµξ2 δλ =
√
3
2
mξ2
One can use these transformations to bring the fermionic laws to more simple and convenient
form. For example, making field dependent ξ1 transformation with ξ1 =
√
3/2γ5piη we obtain:
δΨµ = −σαβ∂αhβµη +
√
3
2
γ5Dµpiη − m√
2
γµAˆη
δΦµ = − i
4
√
2
(σ(A−
√
3γ5B))η + imhµνγ
νη − 3im
2
√
6
ϕγµη
δχ = −1
4
(σ(
√
3A+ γ5B))η −
m
2
ϕη (4)
δλ = −iγµ(∂µϕ+ γ5Dµpi)η + im
√
3Aˆη
where Dµpi = ∂µpi −mBµ.
A few comments are in order.
Now the (pseudo)scalar field pi enters the Lagrangian and supertransformation laws
through the derivative ∂µpi only. So one can construct a dual formulation of such model
where this field is replaced by the skew-symmetric tensor C[µν]. Analogous construction for
the massive spin-3/2 supermultiplet was considered in [8]. It seems that such formulation
could be closer to the results of [3].
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As usual in gauge invariant formulation of massive high spin fields one can use local gauge
transformations to exclude all the Goldstone fields setting the gauge Aµ = χ = λ = ϕ =
pi = 0. In such a gauge one deals with four physical massive fields hµν , Ψµ, Φµ and Bµ only,
but the supertransformation leaving such Lagrangian invariant would be the combination
of usual supertransformations given above and (higher derivative) field dependent gauge
transformations restoring the gauge. We prefer to work with the complete gauge invariant
formulation because it has a non-singular massless limit and so it is very well suited for the
investigation of supergravity models which such massive supermultiplets could arise from.
In the massless limit the set of fields used perfectly combines into just two N = 2
supermultiplets, namely N = 2 supergravity multiplet and one vector multiplet. Let us
stress however that it does not mean that N = 1 vector and chiral multiplets should belong
to the same N = 2 supermultiplet. Recall that very similar situation appears when one
consider the partial super-Higgs effect in N = 2 supergravity. The massless limit of N = 1
supergravity plus massive N = 1 spin-3/2 supermultiplets gives exactly the same set of fields.
But to construct the whole interacting theory one has to assign N = 1 vector and chiral
multiplets to two different N = 2 supermultiplets, namely to vector and hypermultiplet
[9, 10]
Nevertheless, it is interesting to check the existence of minimal model of N = 2 super-
gravity with just one vector multiplet having desired properties, the most important of which
being the correct mixing of vector and axial-vector fields and global symmetries related with
the scalar fields ϕ and pi. Now we will show that such a model really exists. First of all
we take massless limit of our N = 1 supertransformations and uplift them up to N = 2
supertransformations:
δeµa = i(Ψ¯µ
iγaηi)
δΨµi = 2Dµηi − i
4
√
2
εij(σ(A−
√
3γ5B))γµη
j −
√
3
2
γ5∂µpiηi
δAµ =
1√
2
εij(Ψ¯µiηj) + i
√
3
2
(χ¯iγµηi) (5)
δBµ =
√
3
2
εij(Ψ¯µiγ5ηj) +
i
2
(χ¯iγµγ5ηi)
δχi = −
1
4
(σ(
√
3A+ γ5B))ηi − iεij∂ˆ(ϕ+ γ5pi)ηj
δϕ = εij(χ¯iηj) δpi = ε
ij(χ¯iγ5ηj)
where Ψµi = (Ψµ,Φµ), χi = (χ, λ). Now one can use straightforward Noether procedure
to obtain complete nonlinear interacting Lagrangian. The bosonic part of this Lagrangian
appears to be:
LB = −
1
2
R +
1
2
∂µϕ∂µϕ +
1
2
Φ−4∂µpi∂µpi −
1
4
Φ6Aµν
2 − 1
4
Φ2(Bµν −
√
2piAµν)
2 −
− 1
4
√
6
pi[BµνB˜µν −
√
2piAµνB˜µν +
2
3
pi2AµνA˜µν ] (6)
4
while bilinear in fermionic fields part looks as follows:
L2F = i
2
εµναβΨ¯µ
iγ5γνDαΨβi +
i
2
χ¯iγµDµχi −
− 1
4
√
2
εijΨ¯µi[Φ
3(Aµν − γ5A˜µν) +
√
3Φ(γ5B
µν + B˜µν)−
√
6Φpi(γ5A
µν + A˜µν)]Ψνj +
+
i
8
χ¯iγµ(σ[
√
3Φ3A+ γ5ΦB −
√
2γ5ΦpiA])Ψµi −
− 1
4
√
6
εijχ¯i(σ[
√
3Φ3A+ γ5ΦB −
√
2γ5ΦpiA])χj −
−1
2
εijχ¯iγ
µγν(∂νϕ+ γ5Φ
−2∂νpi)Ψµj −
− i
4
Φ−2[
√
3
2
εµναβΨ¯µ
iγνΨβi +
1√
6
χ¯iγαγ5χi]∂αpi (7)
Here Φ = exp(− 1√
6
ϕ). This Lagrangian is invariant under the following N = 2 local super-
transformations:
δeµa = i(Ψ¯µ
iγaηi)
δΨµi = 2Dµηi − i
4
√
2
εij(σ[Φ
3A−
√
3γ5Φ(B −
√
2piA)])γµη
j −
√
3
2
γ5Φ
−2∂µpiηi
δAµ =
1√
2
Φ−3εij(Ψ¯µiηj) + i
√
3
2
Φ−3(χ¯iγµηi) (8)
δBµ =
√
3
2
Φ−1εij(Ψ¯µiγ5ηj) +
i
2
Φ−1(χ¯iγµγ5ηi) +
√
2piδAµ
δχi = −
1
4
(σ[
√
3Φ3A+ γ5(B −
√
2piA)])− iεijγµ(∂µϕ+ γ5Φ−2∂µpi)ηj
δϕ = εij(χ¯iηj) δpi = Φ
2εij(χ¯iγ5ηj)
Apart from the local supertransformations this Lagrangian is invariant under two global
transformations. One of them is a translation:
pi → pi + Λ˜ Bµ → Bµ +
√
2AµΛ˜ (9)
while another one is a scale transformation:
Φ→ eΛΦ Aµ → e−3ΛAµ Bµ → e−ΛBµ pi → e2Λpi (10)
In extended supergravities the only way to obtain nontrivial scalar field potential, sym-
metry breaking, masses and so on is the gauging of (part of) the global symmetries. The
gauging of the translations like (9) is now rather well known mechanism playing very im-
portant role in the problem of spontaneous supersymmetry breaking without a cosmological
term [10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. But the gauging of scale transformation like (10)
in the usual Poincare supergravities is an open question that requires further investigations.
The model of N = 2 supergravity with vector multiplet constructed here is one of the
simplest examples of the so called no-scale models [20] tightly connected with the reduction
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of N = 2 D = 5 supergravities [21]. Such connection with D = 5 supergravities could
hardly be a surprise. In the same way as massive D = 4 particles can be constructed by
the reduction from massless D = 5 ones, massive D = 4 supermultiplets could arise from
the reduction of appropriate D = 5 ones. For the massive spin-3/2 supermultiplet such
procedure was considered in [22]. The possibility to obtain full nonlinear massive spin-2
D = 4 theory from massless D = 5 supergravity by some kind of compactification (for
example radial compactification a la [23]) is again an open question.
2 N = 2
For N = 2 massive spin-2 supermultiplet contains following particles (2, 4 × 3/2, 6 × 1, 4 ×
1/2, 0). In the massless limit we get additionally (1, 4 × 1/2, 7 × 0) Goldstone particles. It
is easy to see that in terms of N = 2 massless supermultiplets we have N = 2 supergravity
(2, 2×3/2, 1), doublet of spin-3/2 supermultiplets 2× (3/2, 2×1, 1/2), two vector multiplets
2× (1, 2× 1/2, 2× 0) and one hypermultiplet (2× 1/2, 4× 0).
As is well known usual N = 2 supergravity is invariant under the SU(2) subgroup of full
U(2) R-symmetry group only. But there exist a dual version of the system N = 2 supergrav-
ity with one vector multiplet where graviphoton of supergravity multiplet and vector field
from the vector multiplet enter in the complex combination providing U(2) symmetry. So
as our first building block we choose the following mixed version of supergravity — vector
multiplet:
δhµν = i(Ψ¯(µ
iγν)ηi)
δΨµi = −σαβ∂αhβµηi −
i
4
(σ(C4 − γ5C5))εijγµηj
δC4µ = ε
ij(Ψ¯µiηj) +
i√
2
εij(λ¯iγµηj) (11)
δC5µ = ε
ij(Ψ¯µiγ5ηj) +
i√
2
εij(λ¯iγµγ5ηj)
δλi = − 1
2
√
2
(σ(C4 + γ5C5))ε
ijηj − iγµ∂µ(ϕ+ γ5pi)ηi
δϕ = (λ¯iηi) δpi = (λ¯
iγ5ηi)
Now let us turn to the spin-3/2 supermultiplets. In order to have a possibility to in-
troduce SU(2) invariant (Dirac) mass term for all four gravitini the two spin-3/2 fields of
this multiplets should transformed as a doublet under SU(2). In this, vector fields are trans-
formed as a triplet and a singlet. As in the N = 1 case it is crucial for the whole construction
that one can introduce a mixing between this singlet vector field and a vector field from the
remaining vector supermultiplet. Thus our second building block is the doublet of spin-3/2
supermultiplet mixed with one vector supermultiplet:
δΦµ
i = − i
4
(σC)aγµ(τ
a)i
jηj − i
4
(σ(sinθA− cosθγ5B))γµηi
δCµ
a = (Φ¯µ
i(τa)i
jηj) +
i√
2
(λ¯iγµ(τ
a)i
jηj)
6
δAµ = sinθ(Φ¯µ
iηi) +
i√
2
sinθ(λ¯iγµηi) + icosθ(χ¯iγµηi)
δBµ = cosθ(Φ¯µ
iγ5ηi)−
i√
2
cosθ(λ¯iγµγ5ηi) + isinθ(χ¯iγµγ5ηi) (12)
δλi = −
1
2
√
2
(σC)a(τa)i
jηj −
1
2
√
2
(σ(sinθA− cosθγ5B))ηi
δχi = −
1
2
(σ(cosθA+ sinθγ5B))ηi − iεijγµ∂µ(z4 + γ5z5)ηj
δz4 = ε
ij(χ¯iηj) δz5 = ε
ij(χ¯iγ5ηj)
here a = 1, 2, 3, and (τa)i
j antihermitian 2×2 matrices, normalized so that Sp(τaτ b) = −2δab.
The last block is just the hypermultiplet which we choose in the formulation with doublet
of spinor fields and triplet and singlet of scalars (so called linear multiplet):
δχi = −iγµ∂µ(ϕ˜δij + za(τa)ij)ηj
δϕ˜ = (χ¯iηi) δz
a = (χ¯i(τa)i
jηj) (13)
The structure of these supertransformations unambiguously fixes the axial charges of all
fields:
field ηi, Ψµi, λi, χi Φµ
i, λi, χi C4 + γ5C5, z4 + γ5z5 others
axial charge + 1 - 1 - 2 0
By using SU(2) and U(1) properties of all fields we can choose which (combination of)
fields will play the role of the Goldstone ones. For the massive spin-2 hµν it has to be vector
field Aµ and some combination of two scalars ϕ and ϕ˜. For spin-3/2 field Ψµi it could be
combination of spinors λi and χi, while for the Φµ
i — combination of λi and χi. At last for
vector fields Cµ
a, C4µ, C5µ, Bµ it will be z
a, z4,5 and pi correspondingly. Having made this
assignment we can write the most general mass terms compatible with the U(2) symmetry:
1
m
L1 =
√
2[hµν∂µAν − h(∂A)]−
√
3Aµ∂µϕ1 −Bµ∂µpi − Cµa∂µza − C4µ∂µz4 − C5µ∂µz5 −
−Φ¯µiσµνΨνi + iκ1Ψ¯µiγµχi + iκ2Φ¯µiγµλi + iκ5Ψ¯µiγµλi + iκ6Φ¯µiγµχi +
+κ3λ¯
iχi + κ4χ¯
iλi + κ7χ¯
iχi + κ8λ¯
iλi (14)
1
m2
L2 = −
1
2
(hµνhµν − h2)−
√
3
2
hϕ1 + ϕ1
2 +
1
2
Bµ
2 +
+
1
2
(Cµ
a)2 +
1
2
(C4µ)
2 +
1
2
(C5µ)
2 − 1
2
ϕ2
2 (15)
where ϕ1 = cosαϕ+sinαϕ˜, ϕ2 = −sinαϕ+cosαϕ˜. To restore the invariance under the global
N = 2 supertransformations we have add appropriate terms to the fermionic transformation
laws (see later). In this, supersymmetry fixes both mixing angles: cosθ = sinθ = 1/
√
2,
cosα = 1/
√
3, sinα =
√
2/3, all the coefficients for the mass terms in the Lagrangian:
κ1 = 1, κ2 = κ5 =
1√
2
, κ3 = κ4 = −
√
2, κ6 = −κ7 = 1, κ8 = 0
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as well as all the coefficients in the fermionic transformation laws. The structure of the
fermionic mass terms corresponds to two pairs of local gauge symmetries:
δΨµi = ∂µηi δΦµ
i =
im
2
γµηi δλi =
m√
2
ηi δχi = mηi
δΨµi =
im
2
γµξ
i δΦµ
i = ∂µξ
i δλi =
m√
2
ξi δχi = mξi
One can use these freedom to make (field dependent) local transformations to bring super-
transformations of fermions to most simple and convenient form:
δΨµi = −σαβ∂αhβµηi − i
4
(σ(C4 − γ5C5))εijγµηj +Dµza(τa)ijηj + 1√
2
γ5Dµpiηi − m√
2
γµAˆηi
δΦµ
i = − i
4
(σC)aγµ(τ
a)i
jηj −
i
4
√
2
(σ(A− γ5B))γµηi +Dµ(z4 + γ5z5)εijηj +
+imhµνγ
νηi −
im
2
γµ(
1√
2
ϕ+ ϕ˜)ηi
δλi = − 1
2
√
2
(σC)a(τa)i
jηj − 1
4
(σ(A− γ5B))ηi + m
2
ϕηi − m√
2
ϕ˜ηi (16)
δχi = − 1
2
√
2
(σ(A + γ5B))ηi − iεijγµDµ(z4 + γ5z5)ηj − m√
2
ϕηi
δλi = − 1
2
√
2
(σ(C4 + γ5C5))ε
ijηj − iγµ(∂µϕ+ γ5Dµpi)ηi + imAˆηi
δχi = −iγµ(∂µϕ˜δij +Dµza(τa)ij)ηj + im
√
2Aˆηi
where Dµz
a = ∂µz
a −mCµa and so on.
Now let us turn to the question which N = 4 supergravity theory such a massive super-
multiplet could originate from. As we already mentioned at the beginning of this section
in the massless limit we have the following massless N = 2 supermultiplets: N = 2 super-
gravity, doublet of spin-3/2 supermultiplets, two vector and one hypermultiplet. Certainly,
to have N = 4 supergravity one has to combine N = 2 supergravity, two spin-3/2 and one
vector supermultiplets. This leaves us with one vector and one hypermultiplet. Not in any
way evident that they have to come from one and the same N = 4 vector supermultiplet,
but it is the simplest possibility, so we restrict ourselves to the models of N = 4 super-
gravity with one vector supermultiplet. As is well know due to O(6) ≈ SU(4) there exist
SU(4)-invariant formulation of N = 4 supergravity [24] . Moreover, it could consistently
couples to the arbitrary number of vector supermultiplets, the scalar field geometry being
SO(6, n)/SO(6)⊗SO(n). But the most general coupling of N = 4 supergravity with vector
supermultiplets constructed in [25] heavily depends on the possibility to have a dual mixing
of vector fields from the matter supermultiplets with the graviphotons. In this, though the
scalar fields geometry remains to be the same, the global symmetry of the whole Lagrangian
is in general lower than SO(6, n). As we have seen above the construction of massive spin-2
supermultiplet requires the mixing of matter vector field with one of the graviphotons. So
as a maximum we could have SO(5) ≈ USp(4) symmetry. Now we will show that such a
formulation of N = 4 supergravity with one vector supermultiplet does exist.
8
First of all, we combine fermions to quartets: Ψµˆi = (Ψµi,Φµ
i), χiˆ = (χi, χ
i), λiˆ = (λi, λi),
where iˆ = 1, 2, 3, 4. Then we introduce quintet of vector fields Cµ
aˆ = (Cµ
a, Cµ
4, Cµ
5),
aˆ = 1, 2, 3, 4, 5, as well as quintet of scalars zaˆ = (za, z4, z5). At last we construct five skew
symmetric 4× 4 matrices (τ aˆ)ˆijˆ :
τ1,2,3 =
(
0 τ1,2,3
−τ1,2,3 0
)
τ4 =
(
εij 0
0 −εij
)
τ5 =
(
−εijγ5 0
0 −εijγ5
)
Now the massless limit of supertransformations obtained above could be uplifted to N = 4
(omitting hats):
δeµr = i(Ψ¯µ
iγrηi)
δΨµi = 2Dµηi −
i
4
(σC)aγµ(τ¯
a)ijηj −
i
4
√
2
(σ(A− γ5B))γµΩijηj +
+∂µz
aΩij(τ¯
a)jkηk +
1√
2
γ5∂µpiηi
δCµ
a = (Ψ¯µi(τ¯
a)ijηj) +
i√
2
(λ¯iγµ(τ¯
a)ijηj)
δAµ =
1√
2
(Ψ¯µiΩ
ijηj) +
i
2
(λ¯iγµΩ
ijηj) +
i√
2
(χ¯iγµηi)
δBµ =
1√
2
(Ψ¯µiγ5Ω
ijηj)−
i
2
(λ¯iγµγ5Ω
ijηj) +
i√
2
(χ¯iγµγ5ηi) (17)
δλi = − 1
2
√
2
(σC)a(τ¯a)ijηj −
1
4
(σ(A− γ5B))Ωijηj − iγµ∂µ(ϕ+ γ5pi)ηi
δχi = −
1
2
√
2
(σ(A+ γ5B))ηi − iγµ∂µ(ϕ˜Ωij + za(τ¯a)ij)ηj
δϕ = (λ¯iηi) δpi = (λ¯
iγ5ηi) δϕ˜ = Ω
ij(χ¯iηj) δz
a = (χ¯i(τ¯
a)ijηj)
Here Ω[ij] is skew symmetric USp(4) invariant tensor.
Now it is straightforward task by using standard Noether procedure to construct full
nonlinear interacting theory. The bosonic part of the Lagrangian turns out to be:
LB = −1
2
R +
1
2
(∂µϕ)
2 +
1
2
Φ−4(∂µpi)
2 +
1
2
(∂µϕ˜)
2 +
1
2
Φ˜−2(∂µz
a)2 −
−1
4
Φ˜2Φ2Aµν
2 − 1
4
Φ˜2Φ−2(Bµν +
√
2piAµν)
2 − 1
4
Φ2(Cµν
a −
√
2zaAµν)
2 +
+
pi
2
√
2
(Cµν
a −
√
2zaAµν)(C˜µν
a −
√
2zaA˜µν)− z
a
√
2
Cµν
aB˜µν +
(za)2
2
AµνB˜µν (18)
where Φ = exp( 1√
2
ϕ), Φ˜ = exp(−ϕ˜). In this, bilinear in fermionic fields part of the La-
grangian looks as follows:
L2F = 1
4
Ψ¯µi(V
µν − γ5V˜ µν)a(τ¯a)ijΨνj − 1
4
√
2
Ψ¯µi(Uµν − γ5U˜µν)+ΩijΨνj +
+
i
4
√
2
λ¯iγ
µ(σV )a(τ¯a)ijΨµj +
1
8
λ¯iγ
µ(σU)−ΩijΨµj +
9
+
i
4
√
2
χ¯iγµ(σU)+Ψµi +
1
4
λ¯i(σU)+χi − 1
8
χ¯i[(σV )
a(τ¯a)ij +
1√
2
(σU)−Ωij ]χj −
−1
2
λ¯iγµγν(∂νϕ+ γ5Φ
−2∂νpi)Ψµi − 1
2
χ¯iγ
µγν(∂νϕ˜Ω
ij + Φ˜−1∂νz
a(τ¯a)ij)Ψµj +
+
i
4
Φ˜−1[εµναβΨ¯µ
iγ5γνΩij(τ¯
a)jkΨβk − λ¯iγα(τ¯a)ijΩjkλk + χ¯iγαΩij(τ¯a)jkχk]∂αza +
+
i
4
√
2
Φ−2[εµναβΨ¯µ
iγνΨβi + 3λ¯iγ
αγ5λ
i − χ¯iγαγ5χi]∂αpi (19)
where we introduced the following notations:
Uµν
± = Φ˜[ΦAµν ± γ5Φ−1(Bµν +
√
2piAµν)]
Vµν
a = Φ(Cµν
a −
√
2zaAµν)
This Lagrangian is invariant under the following N = 4 local supertransformations:
δeµr = i(Ψ¯µ
iγrηi)
δΨµi = 2Dµηi − i
4
(σV )aγµ(τ¯
a)ijηj − i
4
√
2
(σU)−γµΩ
ijηj +
+Φ˜−1∂µz
aΩij(τ¯
a)jkηk +
1√
2
Φ−2γ5∂µpiηi
δCµ
a = Φ−1[(Ψ¯µi(τ¯
a)ijηj) +
i√
2
(λ¯iγµ(τ¯
a)ijηj)] +
√
2zaδAµ
δAµ = Φ
−1Φ˜−1[
1√
2
(Ψ¯µiΩ
ijηj) +
i
2
(λ¯iγµΩ
ijηj) +
i√
2
(χ¯iγµηi)]
δBµ = ΦΦ˜
−1[
1√
2
(Ψ¯µiγ5Ω
ijηj)− i
2
(λ¯iγµγ5Ω
ijηj) +
i√
2
(χ¯iγµγ5ηi)]−
√
2piδAµ (20)
δλi =
1
4
(σU)−Ωijηj − 1
2
√
2
(σV )a(τ¯a)ijηj − iγµ(∂µϕ+ γ5Φ−2∂µpi)ηi
δχi = − 1
2
√
2
(σU)+ηi − iγµ(∂µϕ˜Ωij + Φ˜−1∂µza(τ¯a)ij)ηj
δϕ = (λ¯iηi) δpi = Φ
2(λ¯iγ5ηi) δϕ˜ = Ω
ij(χ¯iηj) δz
a = Φ˜(χ¯i(τ¯
a)ijηj)
The scalar fields geometry of this model is rather peculiar. Out of eight scalar fields six
are related with global translations:
za → za + Λa Cµa → Cµa +
√
2AµΛ
a pi → pi + Λ0 Bµ → Bµ −
√
2AµΛ0
while the remaining two correspond to two ”scale” transformations:
Φ→ eΛΦ Aµ → e−ΛAµ Bµ → eΛBµ Cµa → e−ΛCµa pi → e2Λpi
Φ˜→ eΛ˜Φ˜ Aµ → e−Λ˜Aµ Bµ → e−Λ˜Bµ za → eΛ˜za
As in the previous case, global symmetries of the Lagrangian, including USp(4) one, clearly
shows that such a model is tightly connected with the N = 4 D = 5 supergravity [26, 19].
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3 N = 3
In this case massive spin-2 supermultiplet contains the following states: (2, 6 × 3/2, 15 ×
1, 20×1/2, 14×0). In the massless limit one get additionally (1, 6×1/2, 16×0). Altogether
we have (2, 6 × 3/2, 16 × 1, 26 × 1/2, 30 × 0) that corresponds exactly to the spectrum of
N = 6 supergravity. But to construct massive N = 3 supermultiplet we have to start with
N = 3 massless supermultiplets. It is easy to see that we have N = 3 supergravity multiplet
(2, 3× 3/2, 3× 1, 1/2), triplet of spin-3/2 supermultiplet 3× (3/2, 3× 1, 3× 1/2, 2× 0) and
four vector supermultiplets 4× (1, 4× 1/2, 6× 0).
As is well known usual N = 3 supergravity is invariant under the real SO(3)-subgroup of
the whole U(3) R-symmetry group only. But as has been shown long time ago [13] there exist
dual version of N = 3 supergravity with three vector supermultiplets invariant under the
whole U(3) group. It turned out that such a version admit the spontaneous supersymmetry
breaking with three arbitrary scales, including partial super-Higgs effects N = 3 → N = 2
and N = 3 → N = 1. Moreover this theory can be coupled to arbitrary number of vector
supermultiplets [14]. So as our first building block we choose right this system of N = 3
supergravity multiplet mixed with three vector supermultiplets:
δhµν = i(Ψ¯(µ
iγν)ηi)
δΨµi = −σαβ∂αhβµηi +
i
4
εijk(σ(A− γ5B))jγµηk
δAµ
j = −εijk(Ψ¯µiηk) + i√
2
(χ¯ijγµηi) +
i√
2
(ρ¯γµηj)
δBµ
j = −εijk(Ψ¯µiγ5ηk) + i√
2
(χ¯ijγµγ5ηi)− i√
2
(ρ¯γµγ5ηj)
δχij = −
1
2
√
2
(σ(A+ γ5B))jηi −
i√
3
εijkγ
µ∂µ(ϕ+ γ5pi)η
k − i√
2
εiklγ
µ∂µ(ϕk
j + γ5pik
j)ηl
δρ = − 1
2
√
2
(σ(A− γ5B))iηi (21)
δλi = − i√
3
γµ∂µ(ϕ− γ5pi)ηi − i√
2
γµ∂µ(ϕi
j − γ5piij)ηj
δϕ =
1√
3
(λ¯iηi) +
1√
3
εijk(χ¯ijηk) δpi = − 1√
3
(λ¯iγ5ηi) +
1√
3
εijk(χ¯ijγ5ηk)
δϕa =
1√
2
(λ¯i(τa)i
jηj) +
1√
2
εikl(χ¯ij(τ
a)k
jηl)
δpia = − 1√
2
(λ¯iγ5(τ
a)i
jηj) +
1√
2
εikl(χ¯ijγ5(τ
a)k
jηl)
here λa, a = 1, 2, ...8 — eight hermitian 3× 3 matrices normalized so that Sp(λaλb) = 2δab.
In this, axial charges of all fields are:
field Ψµi, ηi χij, λ
i (Aµ + γ5Bµ)i ρ others
axial charge + 1 - 1 - 2 + 3 0
Now let us turn to the spin-3/2 multiplets. In order to have a possibility to introduce
U(3) invariant (Dirac) mass terms for all six gravitini the spin-3/2 fields of these multiplets
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should transformed as antitriplet Φµ
i under SU(3). But then vector fields are transformed
as an octet Cµ
a and a singlet Bµ leaving us with the possibility to make dual mixing of this
singlet vector with the vector fields of the remaining vector supermultiplet. So our second
(and the last) building block will be (anti)triplet of spin-3/2 supermultiplet mixed with one
vector supermultiplet:
δΦµ
i =
i
4
γ5(σC)j
iγµη
j − i
2
√
6
(σ(sinθA− γ5cosθB))γµηi
δCµ
a = (Φ¯µ
iγ5(τ
a)i
jηj) +
i√
2
(χ¯ijγµγ5ε
jkl(τa)k
iηl)
δAµ =
2√
6
sinθ(Φ¯µ
iηi) +
i√
3
sinθ(χ¯ijγµε
ijkηk) + icosθ(λ¯iγµηi)
δBµ =
2√
6
cosθ(Φ¯µ
iγ5ηi)−
i√
3
cosθ(χ¯ijγµγ5ε
ijkηk) + isinθ(λ¯iγµγ5ηi)
δλi = −
1
2
(σ(cosθA + γ5sinθB))ηi − iγµ∂µεijkz˜jηk (22)
δχij = − 1
2
√
2
εjklγ5(σC)k
iηl −
1
2
√
3
(σ(sinθA− γ5cosθB))εijkηk − iγµ∂µziηj
δρ˜ = −iγµ∂µz˜∗iηi δϕi = (χ¯ijηj) δpii = (χ¯ijγ5ηj)
δϕ˜j = (¯˜ρηj) + ε
ijk(λ¯iηk) δp˜i
j = −(¯˜ργ5ηj) + εijk(λ¯iγ5ηk)
the axial charges being:
field Φµ
i χij, λi zi, z˜i ρ˜ others
axial charge - 1 + 1 - 2 - 3 0
Now by using transformation properties of all fields we could decide which fields will
play the role of the Goldstone ones. For massive spin-2 it will be Aµ and ϕ, for vector
fields Bµ, Cµ
a and (Aµ + γ5Bµ)
i — scalar fields pi, pia and some combination of zi and z˜i,
correspondingly. As for the gravitini fields, for the triplet Ψµi it could be some combination
of λi and χ
[ij], while for the antitriplet Φµ
i that of λi and χ[ij]. Then the most general mass
terms compatible with the U(3) symmetry could be written as follows:
1
m
L1 =
√
2[hµν∂µAν − h(∂A)]−
√
3Aµ∂µϕ− Bµ∂µpi + Cµa∂µpia −Aµi∂µϕ1i −Bµi∂µpi1i −
−Φ¯µiσµνΨνi + iκ1Ψ¯µiγµλi + iκ2Ψ¯µiγµεijkχjk + iκ3Φ¯µiγµλi + iκ4Φ¯µiγµεijkχjk +
+κ5χ¯
ijχij + κ6χ¯
ijχji + κ7εijkχ¯
ijλk + κ8ε
ijkχ¯ijλk + κ9λ¯
iλi + κ10ρ¯ρ˜ (23)
1
m2
L2 = −1
2
(hµνhµν − h2)−
√
3
2
hϕ+ ϕ2 +
1
2
Bµ
2 +
1
2
(Cµ
a)2 +
+
1
2
(Aµ
i)2 +
1
2
(Bµ
i)2 − 1
2
(ϕa)2 − 1
2
(ϕ2
i)2 − 1
2
(pi2
i)2 (24)
here ϕ1
i = cosαϕi + sinαϕ˜i, ϕ2
i = −sinαϕi + cosαϕ˜i and analogously for pi1i and pi2i.
As usual one has to add also additional terms to the fermionic transformation laws
(see later). The requirement that the whole massive theory be invariant under the N = 3
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global supertransformations completely fixes the mixing angles as well as all the unknown
coefficients:
sinθ =
√
3
2
cosθ =
1
2
sinα = cosα = − 1√
2
κ1 = κ2 = κ3 = κ4 =
1√
2
κ6 = −κ7 = −κ8 = κ10 = 1 κ5 = κ9 = 0
The structure of the gravitini mass terms obtained corresponds to the invariance under the
two triplets of local gauge transformations:
δΨµi = ∂µηi δΦµ
i =
im
2
γµηi δχ
ij =
m√
2
εijkηk δλi =
m√
2
ηi
δΨµi =
im
2
γµξ
i δΦµ
i = ∂µξ
i δχij =
m√
2
εijkξ
k δλi =
m√
2
ξi
Using these symmetries we can by making fields dependent local transformations to bring
the fermionic supertransformation laws to most simple form:
δΨµi = −σαβ∂αhβµηi +
i
4
εijk(σ(A− γ5B))jγµηk +
+
1√
6
γ5Dµpiηi − γ5Dµpia(λa)ijηj − m√
2
γµAˆηi
δχij = − 1
2
√
2
(σ(A+ γ5B))jηi − i√
2
εiklγ
µ(∂µϕ
a + γ5Dµpi
a)(λa)k
jηl +
− i√
3
εijkγ
µ(∂µϕ+ γ5Dµpi)η
k + imAˆεijkηk +
m
2
(zi − z˜i)ηj
δχij = − 1
2
√
2
εjklγ5(σC)k
iηl −
1
4
√
3
(σ(
√
3A− γ5B))εijkηk − iγµDµziηj −
− m
2
√
3
εijkϕηk +
m√
2
εiklϕa(λa)k
jηl (25)
δλi = −
1
4
(σ(A +
√
3γ5B))ηi − iγµDµz˜jεijkηk −
m
2
√
3
ϕηi +
m√
2
ϕa(λa)i
jηj
δλi = − i√
3
γµ(∂µϕ− γ5Dµpi)ηi −
i√
2
γµ(∂µϕ
a − γ5Dµpia)(λa)ijηj +
+imAˆηi −
m
2
εijk(zj − z˜j)ηk
δρ = − 1
2
√
2
(σ(A− γ5B))iηi −
m
2
(z∗i − z˜∗i)ηi δρ˜ = −iγµDµz˜∗iηi
where Dµpi = ∂µpi −mBµ and so on.
As we have already mentioned at the beginning of this section the massless limit of such
model gives exactly the set of fields corresponding to N = 6 supergravity. But usual N = 6
supergravity is invariant under the real SO(6) subgroup of the whole SU(6) R symmetry
group, in this vector fields are transformed as 15-plet and a singlet under SO(6). The
supertransformations given above clearly shows that it is necessary to have dual mixing of
this singlet vector with one of the fifteen vector fields. Now we will show that this corresponds
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to dual version of N = 6 supergravity invariant under USp(6) group with the vector fields
transforming as 14 + 1 + 1. First of all we combine fermions into the representations of
USp(6): Ψµˆi = (Ψµi,Φµ
i), λiˆ = (λi, λ
i), χ[ˆijˆkˆ] = (ρ, χij , χ
ij, ρ˜), where iˆ = 1, 2, 3, 4, 5, 6.
Then we introduce 14-plet of vector fields Cµ
aˆ = ((Aµ + γ5Bµ)
i, Cµ
a), where aˆ = 1.2...14.
Analogously, we combine scalar fields into two 14-plets: ϕaˆ = (z2
i, ϕa) and piaˆ = (z1
i, pia),
where z1,2
i = 1√
2
(zi ± z˜i). At last we introduce 14 skew symmetric 6× 6 matrices:
Γj =
(
−εijk 0
0 εijk
)
Γ3+j =
(
εijkγ5 0
0 εijkγ5
)
Γ6+a =
(
0 γ5(λ
a)
−γ5(λa) 0
)
satisfying the relation ΩΓ¯aˆ+ΓaˆΩ = 0, where Ω is skew symmetric invariant tensor of USp(6).
Using this variables one can uplift massless limit of supertransformations obtained above up
to full N = 6 supersymmetry (omitting hats):
δeµr = i(Ψ¯µ
iγrηi)
δΨµi = 2Dµηi − i
4
(σC)aγµ(Γ¯
a)ijηj − i
4
√
6
(σ(
√
3A− γ5B))γµΩijηj −
−∂µpiaΩij(Γ¯a)jkηk + 1√
6
γ5∂µpiηi
δAµ =
1√
2
(Ψ¯µiΩ
ijηj)− i
√
6
4
(χ¯ijkγµΩijηk) +
i
2
(λ¯iγµηi)
δBµ =
1√
6
(Ψ¯µiγ5Ω
ijηj) +
i
2
√
2
(χ¯ijkγµγ5Ωijηk) +
i
√
3
2
(λ¯iγµγ5ηi)
δCµ
a = (Ψ¯µi(Γ¯
a)ijηj)− i
√
3
2
(χ¯ijkγµ(Γ
a)ijηk) (26)
δχijk =
√
3
4
(σC)a(Γa)[ijηk] +
1
4
√
2
(σ(
√
3A− γ5B))Ω[ijηk] −
− i√
2
γµ∂µ(ϕ+ γ5pi)Ω
[ijΩk]lηl +
i
√
3
2
γµ∂µ(pi
a + γ5ϕ
a)(Γ¯a)[ijΩk]lηl
δλi = −1
4
(σ(A+
√
3γ5B))ηi − i√
3
γµ∂µ(ϕ− γ5pi)Ωijηj +
+
i√
2
γµ∂µ(pi
a − γ5ϕa)(Γ¯a)ijηj
δϕ =
1√
3
(λ¯iΩ
ijηj) +
1√
2
(χ¯ijkΩ
ijΩklηl)
δpi = − 1√
3
(λ¯iγ5Ω
ijηj) +
1√
2
(χ¯ijkγ5Ω
ijΩklηl)
δϕa =
1√
2
(λ¯iγ5(Γ¯
a)ijηj)−
√
3
2
(χ¯ijkγ5(Γ¯
a)ijΩklηl)
δpia = − 1√
2
(λ¯i(Γ¯
a)ijηj)−
√
3
2
(χ¯ijk(Γ¯
a)ijΩklηl)
In principle by straightforward calculations one can construct full nonlinear interacting
model corresponding to such dual version of N = 6 supergravity. In this, the scalar fields
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pia will be related with the global translations pia → pi + Λa, while the scalar fields ϕa
will realize the nonlinear σ-model SU(6)∗/USp(6). Ones again, these properties together
with the USp(6) symmetry show the connection of such theory with the N = 6 D = 5
supergravity.
4 N = 4
For N = 4 massive spin-2 supermultiplet contains the following fields: (2, 8×3/2, 27×1, 48×
1/2, 42 × 0). In the massless limit one has additionally (1, 8 × 1/2, 28 × 0) which together
gives exactly the N = 8 supergravity multiplet (2, 8 × 3/2, 28 × 1, 56 × 1/2, 70 × 0). In
terms of massless N = 4 supermultiplets it corresponds to N = 4 supergravity multiplet
(2, 4× 3/2, 6× 1, 4× 1/2, 2× 0), four spin-3/2 multiplets 4× (3/2, 4× 1, 7× 1/2, 8× 0) and
six vector supermultiplets 6× (1, 4× 1/2, 6× 0).
As is well known usual N = 4 supergravity as a maximum could have SU(4) symmetry.
But as we have shown long time ago [15] there exist dual version of the system N = 4
supergravity plus six vector supermultiplets with the complete U(4) symmetry. It has been
shown that such theory admits spontaneous supersymmetry breaking with four arbitrary
scales and without a cosmological term, including all partial super-Higgs effects N = 4 →
N = 3, N = 4 → N = 2 and N = 4 → N = 1. Moreover, this theory could be coupled to
arbitrary number of vector supermultiplets [16]. So our first building block will be this dual
version of N = 4 supergravity multiplet mixed with six vector supermultiplet (see Appendix
for notations):
δhµν = i(Ψ¯(µ
iγν)ηi)
δΨµi = −σαβ∂αhβµηi −
i
4
√
2
(σV ∗)aγµ(τ¯
a)ijηj
δAµ
a =
1√
2
(Ψ¯µ
i(τ¯a)ijηj)−
i√
2
(χ¯aiγµηi) +
i
2
(λ¯iγµ(τ¯
a)ijηj)
δBµ
a =
1√
2
(Ψ¯µ
iγ5(τ¯
a)ijηj)− i√
2
(χ¯aiγµγ5ηi)− i
2
(λ¯iγµγ5(τ¯
a)ijηj) (27)
δχi
a =
1
2
√
2
(σV )aηi − iγµ∂µzab(τ¯ b)ijηj
δλi = −1
4
(σV ∗)a(τ¯a)ijηj − iγµ∂µzηi
δϕ = (λ¯iηi) δpi = (λ¯
iγ5ηi) δz
ab = (χ¯i
a(τ¯ b)ijηj)
where Vµν
a = Aµν
a + γ5Bµν
a.
The remaining fields are just four spin-3/2 supermultiplets. By the same reasoning as in
the N = 2 and N = 3 cases we choose gravitini to be transformed as Φµ
i under SU(4). In
this, vector fields will be transformed as 15-plet and a singlet. There are no any other vector
supermultiplets left, so we can not make any dual mixing with this singlet vector field, but
there exist two possibilities when this singlet field is a vector or axial vector one. Having
in mind the role of this field as the (only) candidate for the role of the Goldstone field for
massive spin-2, we choose it to be a vector. Then the supertransformations for all fields of
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these four spin-3/2 supermultiplets look as follows:
δΦµ
i = − i
8
(σC)abγµ(Σ
ab)i
jηj −
i
4
√
2
(σA)γµηi
δCµ
ab =
1
2
(Φ¯µ
i(Σab)i
jηj) +
i
4
(Ω¯icγµ(Σ
ab)j
i(τ¯ c)jkηk)
δAµ =
1√
2
(Φ¯µ
iηi)− i
2
√
2
(Ω¯i
aγµ(τ¯
a)ijηj)
δΩia = −1
8
(σC)bc(Σbc)j
i(τ¯a)jkηk +
1
4
√
2
(σA)(τ¯a)ijηj −
−iγµ∂µ[
1
2
√
2
(τ b)ij(τ¯
a)jkzb +
1
4
√
3
(Γbcd)ij(τ¯
a)jkzbcd]ηk (28)
δρi = −iγµ∂µ[
1
2
(τ¯a)ijz∗a +
1
2
√
6
(Γ¯abc)ijzabc]ηj
δϕa =
1
2
√
2
(Ω¯ib(τa)ij(τ¯
b)jkηk) +
1
2
(ρ¯i(τ¯
a)ijηj)
δpia =
1
2
√
2
(Ω¯ibγ5(τ
a)ij(τ¯
b)jkηk)− 1
2
(ρ¯iγ5(τ¯
a)ijηj)
δzabc =
1
4
√
3
(Ω¯id(Γabc)ij(τ¯
a)jkηk) +
1
2
√
6
(ρ¯i(Γ¯
abc)ijηj)
In this, all nonzero axial charges will be:
field ηi, Ψµi, Ω
ia Φµ
i, χi
a (Aµ + γ5Bµ)
a, za λi ρi z
axial charge + 1 - 1 - 2 + 3 - 3 - 4
Accordingly, the role of Goldstone fields will be played by Aµ and Tr(ϕ
ab) for massive
spin-2, by za and piab for (Aµ + γ5Bµ)
a and Cµ
ab, and by (τa)ijΩ
ja and (τ¯a)ijχj
a for Ψµi and
Φµ
i, correspondingly. That leads to the following most general form of the mass terms in
the Lagrangian:
1
m
L1 =
√
2[hµν∂µAν − h(∂A)] −
√
3Aµ∂µϕ0 + Cµ
ab∂µpi
ab −Aµa∂µϕa −Bµa∂µpia
−Φ¯µiσµνΨνi + iκ1Ψ¯µiγµ(τa)ijΩja + iκ2Φ¯µiγµ(τ¯a)ijχja +
+κ3Ω¯
iaχi
a + κ4Ω¯
ia(τa)ij(τ¯
b)jkχk
b + κ5λ¯
iρi (29)
1
m2
L2 = −
1
2
(hµνhµν − h2)−
√
3
2
hϕ0 + ϕ0
2 +
1
2
(Cµ
ab)2 +
1
2
(Aµ
a)2 +
1
2
(Bµ
a)2 −
−1
2
(ϕˆab)2 − 1
2
(zabc)2 − 1
2
z∗z (30)
where ϕ0 = Tr(ϕ
ab), ϕˆab = ϕab − 1/6δabϕ0. By adding appropriate terms to the fermionic
transformation laws (see later) global N = 4 supersymmetry could be restored, which re-
quires:
κ1 =
1
2
κ2 = κ4 = −1
2
κ3 = κ5 = −1
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and fixes all the coefficients in the supertransformations. The structure of the gravitini mass
terms corresponds to the invariance under the two quartets of local gauge transformations:
δΨµi = ∂µηi δΦµ
i =
im
2
γµηi δΩ
ia = −m
2
(τ¯a)ijηj
δΨµi =
im
2
γµξ
i δΨµ
i = ∂µξ
i δχi
a =
m
2
(τa)ijξ
j
As usual, we use this freedom to bring the supertransformation laws to most simple form:
δΨµi = −σαβ∂αhβµηi − i
4
√
2
(σV ∗)aγµ(τ¯
a)ijηj − 1
2
Dµpi
ab(Σab)i
jηj − m√
2
γµAˆηi
δΦµ
i = − i
8
(σC)abγµ(Σ
ab)i
jηj − i
4
√
2
(σA)γµηi +
1√
2
Dµz
a(τ¯a)ijηj +
+imhµνγ
νηi − im
√
6
4
γµϕ0ηi
δχi
a =
1
2
√
2
(σV )aηi − iγµ[∂µϕab +Dµpiab](τ¯ b)ijηj +
+
im√
2
Aˆ(τ¯a)ijηj −
m
4
√
3
zbcd(Γbcd)ij(τ¯
a)jkηk
δΩia = −1
8
(σC)bc(Σbc)j
i(τ¯a)jkηk +
1
4
√
2
(σA)(τ¯a)ijηj − (31)
−iγµ[ 1
2
√
2
(τ b)ij(τ¯
a)jkDµz
b +
1
4
√
3
(Γbcd)ij(τ¯
a)jk∂µz
bcd]ηk +
+
m
2
√
6
ϕ0(τ¯
a)ijηj −mϕˆab(τ¯ b)ijηj
δλi = −1
4
(σV ∗)a(τ¯a)ijηj − iγµ∂µzηi −
m
2
√
6
zabc(Γ¯abc)ijηj
δρi = −iγµ[
1
2
(τ¯a)ijDµz
∗a +
1
2
√
6
(Γ¯abc)ij∂µz
abc]ηj −mzηi
As we have already noted the set of fields corresponds to N = 8 supergravity multiplet.
Now we consider massless limit of the supertransformations obtained and try to uplift them
upto N = 8 supertransformations to see which dual version of N = 8 supergravity corre-
sponds to our case. First af all we combine eight gravitini into octet Ψµˆi, iˆ = 1, 2, ...8, vector
fields Aµ
a, Bµ
a and Cµ
ab into 27-plet Cµ
A, A = 1, 2...27, leaving Aµ as a singlet, all spinor
fields — into completely skew symmetric third rank tensor χ[ˆijˆkˆ]. As for the scalar fields they
could be organized into the singlet ϕ0, 27-plet z
A and completely skew symmetric fourth rank
Ω-traceless tensor Φ[ˆijˆkˆlˆ], where Ω[ˆijˆ] — skew symmetric invariant tensor of USp(8). At last
we introduce 27 skew symmetric matrices (ΓA)[ˆijˆ]:
Γa =
( 1√
2
τa 0
0 − 1√
2
τ¯a
)
Γ6+a =
( − 1√
2
γ5τ
a 0
0 − 1√
2
γ5τ¯
a
)
Γ12+(ab) =
(
0 1
2
Σab
−1
2
Σab 0
)
Using these notations one can obtain the following USp(8)-invariant supertransformations
(omitting hats):
δeµr = i(Ψ¯µ
iγrηi)
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δΨµi = 2Dµηi − i
4
(σC)Aγµ(Γ¯
A)ijηj − i
4
√
2
(σA)γµΩ
ijηj + ∂µz
AΩij(Γ¯
A)jkηk
δCµ
A = (Ψ¯µi(Γ¯
A)ijηj) +
i
√
3
2
(χ¯ijkγµ(Γ
A)ijηk)
δAµ =
1√
2
(Ψ¯µiΩ
ijηj) +
i
√
6
4
(χ¯ijkγµΩijηk) (32)
δχijk = −
√
3
4
(σC)A(ΓA)[ijηk])−
√
6
8
(σA)Ω[ijηk] −
−iγµ∂µ[ϕ0Ω[ijΩk]l + zA(Γ¯A)[ijΩk]l + Φijkl]ηl
δϕ0 = (χ¯ijkΩ
ijΩklηl) δz
A = (χ¯ijk(Γ¯
A)ijΩklηl)
The full interacting version of N = 8 supergravity with all required properties (USp(8)-
invariance, vector fields in 27-plet and a singlet, 27-plet of scalar fields zA entering through
the derivatives ∂µz
A only and 42-plet Φijkl, realizing non-linear σ-model E6,6/USp(8)) is
already known [27, 28, 18]. As in all previous cases it arises from the dimensional reduction
of five-dimensional supergravity.
Conclusion
Let us summarize briefly the results of our work. First of all we have seen that the framework
based on gauge invariant description of massive gauge particles allows one easily construct
massive supermultiplets out of the massless ones. We have seen also that in all cases the
possibility to make dual transformations on vector fields plays a very important role. One
of the properties of all the models constructed is that the Lagrangian and supertransfor-
mations turn out to be invariant under the whole U(N) R symmetry group of N extended
superalgebra. As a consequence, the mass terms for the gravitini appears to be the Dirac
ones. It resembles very much the situation in supersymmetric gauge theories. As is very
well known, the superpartners for the massless vector fields such as photon and gluons are
Majorana spinors, while superpartners for the massive one such as W and Z bosons are the
Dirac spinors. Analogously, we have shown that the superpartners for massive graviton are
Dirac gravitini.
For the massless limits of all four cases N = k, k = 1, 2, 3, 4, we have managed to uplift
supertransformations up to N = 2k supersymmetry. We did not try to give an exhaustive
classification of all possible extended supergravity models which such massive supermultiplets
could in principle originate from. But we have shown that there exist at least examples of
such theories having desired properties. All this examples are the ones that can be obtained
by dimensional reduction from five-dimensional supergravities.
A Notations and some useful formulas
In this Appendix we collect our notations, conventions and some useful formulas.
For the flat Minkowski space we use the metric gµν = diag(+,−,−,−). Throughout the
paper we use Majorana representation of Dirac gamma matrices γµ in which all of them
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are imaginary, the charge conjugation matrix being just γ0. In this, combinations γ0γµ and
γ0σµν are symmetric in their spinor indices, while γ0, γ0γ5 and γ0γ5γµ — skew symmetric. In
this representation Majorana spinors are real, so the U(N) R symmetry group is a so called
Majorana U(N), where imaginary unit i is replaced by γ5. In particular, the simplest U(1)
symmetry is nothing else but axial transformations acting on spinor fields as
Ψ→ eqγ5ΛΨ
where q — axial charge of this field.
A.1 Massive spin-2 particle
In order to have gauge invariant description of massive spin-2 particle with a non-singular
massless limit one has to introduce three fields: symmetric tensor h(µν), vector Aµ and scalar
ϕ. We start with the sum of standard free massless Lagrangians:
L0 = 1
2
∂αhµν∂αhµν − (∂h)µ(∂h)µ + (∂h)µ∂µh− 1
2
∂µh∂µh− 1
4
(Aµν)
2 +
1
2
∂µϕ∂µϕ
where Aµν = ∂µAν − ∂νAµ. Now by adding terms with one and no derivatives to the
Lagrangian and appropriate corrections to the gauge transformations one can easily obtain
gauge invariant formulation:
L1 = m
√
2[hµν∂µAν − h(∂A)]−m
√
3Aµ∂µϕ−
m2
2
(hµνhµν − h2)−m2
√
3
2
hϕ+m2ϕ2
in this, the total Lagrangian is invariant under the following gauge transformations:
δhµν = ∂µξν + ∂νξµ +
m√
2
gµνΛ δAµ = ∂µΛ +m
√
2ξµ δϕ = m
√
3Λ
A.2 Massless supermultiplet (2, 3/2)
As is well known, in supergravity theories (and in general in all gravity theories with spinor
fields) one usually uses so called tetrad formulation of gravity in terms of tetrad eµ
a and
Lorentz connection ωµ
ab. But at the level of free models considered here it turns out to
be convenient to use simply symmetric tensor hµν . In this, the global supertransformations
leaving a sum of massless spin-2 and spin-3/2 Lagrangians invariant has the form:
δhµν = i(Ψ¯(µγν)η) δΨµ = −σαβ∂αhβµη
One can easily check that the commutator of two supertransformations gives:
[δ1, δ2]hµν = −2i(η¯2γαη1)∂αhµν + ∂µξν + ∂νξµ
where ξµ = 2i(η¯2γ
αhαµη1).
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A.3 Dirac mass term for gravitini
It is very well known that by using Goldstone spinor fields one can construct gauge invariant
formulation for one Majorana spin-3/2 particle (gravitino). Indeed, the Lagrangian:
L = i
2
εµναβΨ¯µγ5γν∂αΨβ +
i
2
χ¯γµ∂µχ−
m
2
Ψ¯µσ
µνΨν + im
√
3
2
Ψ¯µγ
µχ+ χ¯χ
is invariant under the gauge transformations:
δΨµ = ∂µη +
im
2
γµη δχ = m
√
3
2
η
But if we have two gravitini with equal masses there exist two possibilities. The first one
is just the sum of two copies of the Lagrangian given above. Another one is a Dirac mass
term mΨ¯µσ
µνΦν , which could be diagonalized into −m2 Ψ¯µσµνΨν + m2 Φ¯µσµνΦν (note the sign
difference). The Lagrangian for such case can also be constructed in a similar manner:
L = L0(Ψµ,Φµ, χ, λ)−mΨ¯µσµνΦν + im
√
3
2
(Ψ¯γ)χ+ im
√
3
2
(Φ¯γ)λ− 2χ¯λ
which is invariant under the two gauge transformations:
δΨµ = ∂µη +
im
2
γµξ δΦµ = ∂µξ +
im
2
γµη δχ = m
√
3
2
η δλ = m
√
3
2
ξ
In all massive spin-2 supermultiplets we have pairs of gravitini with opposite axial charges
so the Dirac mass term turns out to be the only possibility.
A.4 SO(6) ≈ SU(4) matrices
For N = 4 supersymmetry we use six skew symmetric matrices (τa)[ij], a = 1, 2, 3, 4, 5, 6,
i, j = 1, 2, 3, 4, satisfying the relation:
(τa)ij(τ¯
b)jk + (τ b)ij(τ¯
a)jk = −2δikδab
where (τ¯a)ij = 1
2
εijkl(τa)kl. The commutator τ -matrices defines 15 antihermitian matrices:
(Σ[ab])i
k =
1
2
[(τa)ij(τ¯
b)jk − (τ b)ij(τ¯a)jk]
which play the role of SO(6) ≈ SU(4) generators. Besides, we need 20 symmetric matrices:
(Γ[abc])(ij) = (τ
[a)ik(τ¯
b)kl(τ c])lj
which are self-dual in a sense that:
Γabc =
1
6
γ5ε
abcdefΓdef
Let us give here some useful formulas with these matrices:
(τ¯a)ij(τ b)jk(τ¯
a)kl = 4(τ¯ b)il
(τ¯ c)ij(Σab)j
k(τ c)kl = 2(Σ
ab)l
i
(τ¯d)ij(Γabc)jk(τ¯
d)kl = 0
20
References
[1] N. Berkovits, M. M. Leite, ”First Massive State of the Superstring in Superspace”, Phys.
Lett. 415 (1997) 144, hep-th/ 9709148.
[2] N. Berkovits, M. M. Leite, ”Superspace Action for the First Massive States of the Su-
perstring”, Phys. Lett. 454 (1999) 38, hep-th/9812153.
[3] I. L. Buchbinder, S. James Gates, W. D. Linch, J. Philips, ”New 4D, N = 1 Superfield
Theory: Model of Free Massive Superspin-3/2 Multiplet”, hep-th/0201096.
[4] J. Strathdee, ”Extended Poincare Supersymmetry”, Int. J. Mod. Phys. A2 (1987) 273.
[5] Yu. M. Zinoviev, ”The Role of Poincare Group in Elementary Particle Physics”, XVII
Seminar on High Energy Physics and Field Theory, June 1994, Protvino.
[6] S. M. Klishevich, Yu. M.Zinoviev, ”On Electromagnetic Interactions of Massive Spin-2
Particle”, Phys. Atom. Nucl. 61 (1998) 1527, hep-th/9708150.
[7] Yu. M. Zinoviev, ”On Massive High Spin Particles in (A)dS”, hep-th/0108192.
[8] R. Altendorfer, J. Bagger, ”Dual Supersymmetry Algebras from Partial Supersymmetry
Breaking”, Phys. Lett. B460 127, hep-th/9904213
[9] S. Cecotti, L. Girardello, M. Porrati, Phys. Lett. B168 (1986) 83.
[10] Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 2 supergravity”, Sov. J.
Nucl. Phys. 46 (1987) 540, hep-th/9512041
[11] Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 2 supergravity with
matter”, Int. J. Mod. Phys. A 7 (1992) 7515.
[12] Yu. M. Zinoviev, ”Dual versions of N = 2 supergravity and spontaneous supersymmetry
breaking”, Class. Quant. Grav. 12 (1995) 1355.
[13] Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 3 supergravity”, IHEP
preprint 86-171, 1986.
[14] V. A. Tsokur, Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 3 super-
gravity with matter”, Phys. Atom. Nucl. 59 (1996) 2185.
[15] Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 4 supergravities”, IHEP
preprint 87-101, 1987.
[16] V. A. Tsokur, Yu. M. Zinoviev, ”Spontaneous supersymmetry breaking in N = 4 super-
gravity with matter”, Phys. Atom. Nucl. 59 (1996) 2192.
[17] L. Andrianopoli, R. D’Auria, S. Ferrara, M. A. Lledo, ”Super Higgs Effect in Extended
Supergravity”, peprint CERN-TH/2002-030, hep-th/0202116.
21
[18] L. Andrianopoli, R. D’Auria, S. Ferrara, M. A. Lledo, ”Gauging of Flat Groups in Four
Dimensional Supergravity”, hep-th/0203206.
[19] L. Andrianopoli, R. D’Auria, S. Ferrara, M. A. Lledo, ”Duality and Spontaneously Bro-
ken Supergravity in Flat Background”, peprint CERN-TH/2002-084, hep-th/0204145.
[20] E. Cremmer, C. Kounnas, A. van Proeyen, J. P. Deredinger, S. Ferrara, B. de Wit,
L. Girardello, ”Vector Multiplets Coupled to N = 2 Supergravity: Superhiggs Effect,
Flat Potentials and Geometric Structure”, Nucl. Phys. B250 (1985) 385.
[21] M. Gunaydin, G. Sierra, P. K. Townsend, ”The Geometry of N = 2 Maxwell-Einstein
Supergravity and Jordan Algebras”, Nucl. Phys. B242 (1984) 244.
[22] R. Altendorfer, ”Partial Supersymmetry Breaking from Five Dimensions”, Phys. Lett.
476 (2000) 172, hep-th/9912080.
[23] T. Biswas, W. Siegel, ”Radial Dimensional Reduction: (Anti) de Sitter Theories from
Flat”, preprint YITP-SB-02-09, hep-th/0203115.
[24] E. Cremmer, J. Scherk, S. Ferrara, Phys. Lett. 74B (1978) 61.
[25] V. A. Tsokur, Yu. M. Zinoviev, ”Dual versions of extended supergravities”, Phys. Lett.
378 (1996) 120.
[26] M. Awada, P. K. Townsend, ”N = 4 Maxwell-Einstein Supergravity in five Dimensions
and its SU(2) gauging”, Nucl. Phys. B255 (1985) 617.
[27] E. Sezgin, P. van Nieuwenhuizen, ”Renormalizability Properties of Spontaneously Broken
N = 8 Supergravity”, Nucl. Phys. B195 (1982) 325.
[28] M. Gunaydin, L. J. Romans, N. P. Warner, ”Compact and non-compact gauged super-
gravities in five dimensions”, Nucl. Phys, B272 (1986) 598.
22
